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ABSTRACT 
The defect chemistry of BaTiOo and SrTiO^ doped 
+3  +3    +3      +5 
with Sc  , Y  , La   and Nb   ions was investigated 
by equilibrium conductivity measurements at 1000 C. 
The conductivity behaviors indicate that the A/B ratio 
of these two doped ABCU perovskites determines whether 
they exhibit donor- or acceptor-doped behavior. 
+3    +3 In the SrTiOo samples doped with Y  , La   and 
Nb   ions, the donor-doped behavior was observed when 
Sr/Ti>l and the acceptor-doped behavior was observed 
when Sr/Ti < 1. 
In the Y-doped BaTiO,,, the donor-doped behavior 
was observed in the sample with Ba/Ti<l and the accep- 
tor-doped behavior was observed when Ba/Ti>l. 
The study of the effect of the sintering ambient 
on the site preference by the trivalent cations was 
+3 done on Sc-doped BaTiO^.  It is found that the Sc 
acts as an acceptor dopant regardless of whether the 
sintering was carried out in 1 atm or 10    atm of 
oxygen. 
CHAPTER 1 
INTRODUCTION 
The equilibrium defect chemistry of ternary oxides 
of the perovskite structure, principally BaTiOo, has 
been extensively investigated (1-9).  The effect of Ba 
to Ti ratio, temperature, oxygen partial pressure and 
dopant addition on the defect structure have been 
characterized.  Due to the similarity between the crys- 
tal structure of SrTiOo and BaTiOo and furthermore 
owing to the increasing interest of using SrTiOo cera- 
mics as the material for the grain boundary layer 
capacitor, interest in the defect chemistry has been 
extended to SrTiOo. 
While the defect structure of undoped and acceptor- 
doped SrTiOo have been found (10) to be similar to 
their counterparts of BaTiOo, the conductivity behavior 
of donor-doped SrTiOo has not been thoroughly investi- 
gated.  In this research,efforts have been devoted to 
the detailed investigation of the donor-doped SrTiOo in 
order to complete the study of the defect chemistry of 
SrTiOo.  Measurement of equilibrium electrical conducti- 
vity of these donor-doped SrTiOo samples as a function 
of the oxygen activity was employed to suit this pur- 
pose.  Conductivity is related to the defect concentra- 
2 
tration by the relation 0 = nqy, where a   is the electri- 
cal conductivity, n iys the carrier concentration, q 
is the charge on the carrier, and y is its mobility. 
This measurement, along with consideration of the 
principles of defect chemistry, can yield the appro- 
priate defect structure. 
In this work a series of Y-, La-and Nb- doped SrTiOo 
and the Y-and Sc-doped BaTiOo with different A/B ratio 
were prepared.  Samples for 4-point d.c. measurement of 
electrical conductivity were fabricated and measure- 
ments were conducted in the oxygen partial pressure 
_ "I o 
range from 1 atm to 10    atm and usually at a tempera- 
ture of 1000°C. 
The divalent and tetravalent cations in BaTiO^ 
and SrTiO., differ significantly in ionic radii with 
Ba+2:1.50 8, Sr+2:1.27 8 and Ti+4 = 0.745 8 (11). 
The behavior of doped materials generally supports 
the hypothesis that impurity cations occupy the cation 
site most compatible with it in size and charge (12,13) 
Takeda and Watanabe (14,15,16) have reported EPR mea- 
surements on Gd-doped BaTiO^, which indicated two loca- 
tions for Gd  , 1.078 A, with the presumed Ti-site 
occupancy enhanced by reduction and excess BaO.  They 
+3 
reported similar results for La 
3 
The effect of A/B ratio on the conductivity be- 
havior was investigated on Nb- or La-doped SrTiOo 
and Y-doped SrTi03 and BaTiO.. 
The influence of, sintering ambient on the cation 
site preference was investigated on Sc-doped BaTiOo. 
CHAPTER II 
EXPERIMENTAL 
A.  SAMPLE PREPARATION. 
All the samples were prepared by a modification 
of a technique developed by Pechini (17) in which 
weighed amounts of SrCO~ powder were dissolved in a 
known quantity of titanium stock solution.  A corres- 
ponding amount of dopant, in solution form, was intro- 
duced into the Ti stock solution to deliberately dope 
the samples.  The titanium stock solution was prepared 
by mixing 600 ml of Fisher certified ethylene glycol, 
200 ml of tetraisopropyl titanate from Apache Chemi- 
cals and 350 gm of Fisher . Certified ACS anhydrous 
citric acid followed by warm stirring on hot plate to 
homogenizeT The concentration of the solution was then 
analyzed to determine the amount of TiO~ per gram of Ti 
stock solution.  The source of Sr was Johnson-Matthey 
Specpure SrC0~ which was baked in C0? ambient at 850°C 
to convert any SrCHCCO^ to SrCO-v.  Donor dopant solu- 
tions were prepared by dissolving niobium oxalate and 
lanthanum nitrate in the mixture of citric acid and 
ethylene glycol.  The Y and Sc dopants were prepared by 
dissolving Y(N0o)o • xH^O and Sc (NCs) o •xlUO into water. 
0.6 g samples of the powder combined with 5 wt °L 
of deionized water were uniaxially pressed into rec- 
tangular bars at about 4.83 x 10 Pa (70,o6o Psi).  The 
edges of the sample were cleaned and the samples were 
sintered at about 1450 C in air or reducing atmosphere 
for 2% hours.  Final dimensions were about 1.5 x 5.5 
x 13 mm.  Voltage leads of Pt wire were 
sintered into the sample by insertion through two holes 
drilled through the largest face prior to sintering. 
Low resistant contacts are obtained in this way.  Un- 
fluxed Pt paste, Englehard 6926, was fired onto two 
edges to serve as the current leads.  The sample for 
the 4-point d.c. measurement is shown in Fig. 1. 
B.  CONDUCTIVITY MEASUREMENTS 
The conductivity was measured by four point d.c. 
technique, using both polarities with applied currents 
-5   -2 in the range of 10  -10   amp provided by Keithley 225 
Current Source.  Voltage drop was measured by using 
Keithley 173A Multimeter.  Also used was the Type K-3 
Universal Potentiometer of Leeds and Northrup Company 
in which the voltage drop across the voltage leads of 
the sample was measured against the voltage drop across 
the variable resistor in the potentiometer using a 
Keithley Model 602 electrometer as a high impedance null 
detector. 
6 
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Schematic Representation  of    Zr02(CaO) 
Oxygen  Sensor 
The 4-point technique is essential in the measure- 
ment of the voltage drop across the sample.  With the 
employment of the high impedance multimeter or null 
detector across the vdltage leads, the current drawn 
through the meter is negligible compared to that through 
the bulk of the sample.  The effect of contact resist- 
ances in the voltage lead circuit is thereby minimized, 
and the voltage drop of the sample can therefore be 
accurately read. 
The conductivity is calculated based on either of 
the following two formulae depending on whether the 
potentiometer or the standard current source is used 
L  VR  1 
o = x Tr- R       Potentiometer (1) 
a = x  y— Standard current source   (2) 
s 
where a. is the conductivity in (ohm cm)  , L is the 
distance in cm between the two voltage leads, A is the 
2 
area of the edge in cm where the current flows into 
and out from the sample, V„ is the voltage drop across 
a standard resistance R, V  is the voltage drop across 
the leads of the sample, and I is the current in ampere 
(A) from the standard current source. 
8 
Temperature was controlled by Lindberg 3-zone 
furnace and measured by Pt/Pt-107<. Rh thermocouple. 
Oxygen partial pressure was controlled by mixing Ar and 
0„ or C0„ and CO.  The former gas mixture has the 
-4 
oxygen pressure ranging from 1 atm to about 10   atm 
while the latter covers the range from about 10  atm 
to 10"18 atm at 1000°C. 
The oxygen partial pressure was measured by ZrO„ 
(CaO) oxygen sensor as shown in Fig. 2 which has been 
calibrated by using the flowmeter calibration curve, 
the flowmeter of Matheson and the curve of oxygen pres- 
sure as a function of temperature and CO/CO^ ratio (18) 
The schematic representation of the measurement equip- 
ment with the accommodation of three samples is shown 
in Fig. 3. 
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CHAPTER III 
BACKGROUND 
As indicated in the Introduction, the defect mo- 
dels of undoped and acceptor-doped BaTiO^ have been 
established (3,4,5,9).  In the undoped and acceptor- 
doped BaTiOo in which the Ti-sites are accidentally or 
+3 deliberately substituted by A   impurity cations, the 
primary defect was found to be the doubly-ionized oxy- 
gen vacancy, V .  Three major sources for the oxygen 
vacancy were postulated as follows: 
1.  Reduction or loss of oxygen 
0 + %oo + V'* + 2e' (3) o     2    o 
2.  Cation nonstoichiometry in the sense of excess 
Ti D ilu2 XTi03 
Ti02  +    TiTi + 20o + VjJ + V^ (4) 
which is insignificant and negligible in BaTiCs (19) but 
has to be taken into account in the case of SrTiO,, (10). 
3.  The incorporation of acceptor-type impurities 
such as substitution of A^O- for 2TiO? 
A203-2Ti02 - 2A^ + 30Q + V^ (5) 
The complete expression for the condition of charge 
neutrality is 
11 
2[V^] + p = 2[V£ ] + [A1] + n (6) 
where [A1] represents the net acceptor content, both 
accidental and added, expressed as the equivalent con- 
centration of single level acceptor centers.  [V" ] is 
Da 
negligible since the solubility of excess TiO„ in BaTiO- 
is insignificant.  n E [e'] and p E [h ] 
The conductivity curves for these undoped and 
acceptor-doped BaTiO~ samples have the same shape and 
can be divided into three characteristic regions depend-^ 
ing on whether the BaTiO„ has a stoichiometric defic 
ency or excess of oxygen, and depending on which terms 
in Eq. (6) are most important.  The schematic repre- 
sentation of the defect model is shown in Fig. 4. 
Region 1: 
In the region of lowest Pn , the material is oxygen 
2 
deficient and the reduction reaction in Eq. (3) is the 
major source of defects and the approximate condition 
of charge neutrality is thus 
) 
2[V^] = n (7) 
The mass-action expression for the reduction reaction 
is 
fVo^ = KnP0 "% («) 
12 
o 
I 
CD 
O 
c\j 
<£> 
"53 
i 
<*. 
o 
c: 
O 
5 
Q 
o o 
o I 
13 
Combination of Eqs. (7) and (8) leads to 
n = (2K )1/3P  ~1/6 (9) 
U2 
Region 2: 
This region is bounded on the low P„  side by 
U2 
Region 1 and on the high Pn side by the conductivity 
U2 
minimum.  The material is still oxygen deficient, but 
the reduction reaction does not make a significant 
contribution to the total [V"]( so the approximate con- 
dition of charge neutrality becomes 
[VQ] = [V£] + %[A'] (10) 
[Vy] represents the contribution to [V] made by the 
dissolution of excess TiC"  in XTiO~, which is insig- 
nificant and negligible in BaTiO^ but not negligible 
in SrTiOo•  %[A'] is the contribution made by the net 
excess acceptor content.  The sum of these two contri- 
butions is referred to as the extrinsic V  content 
o 
which is fixed in the sample preparation.  Combination 
of Eqs. (8) and (10) gives 
, n = { 3 }% P "% (H) 
[V£]+%[A']    U2 
Again the involvement of [Vy] depends on whether the 
sample is SrTiO- or BaTiCs. 
14 
Region 3: 
This is the oxygen excess, p-type region lying 
between the conductivity minimum and P_  =1 atm.  As 
°2 
suggested previously (5), it is proposed that the 
stoichiometric excess of oxygen is accommodated by the 
V" present because of a net excess of acceptor impuri- 
ties or an excess of TiO„ 
%00 + V t  0 + 2h (12) 2   o   o v 
The approximate condition of charge neutrality is the 
same as in Region 2,  Eq. (10), as long as a negligible 
fraction of the extrinsic V" is consumed by the oxygen 
excess.  Combination of the mass-action expression for 
Eq. (12) 
2        , 
ivo]  Vo2 (13) 
with Eq. (10) gives 
p = K^{[V^j + %[A']}%PQ k (14) 
where p = [h'].  [Vy] is not taken into account in the 
case of BaTiO„ due to insignificant solubility of ex- 
cess Ti02. 
In the case of donor-doped BaTiCs in which either 
site of Ba or Ti is occupied by the impurity ions 
carrying more positive charge, the schematic representa- 
tion of the defect model is shown in Fig. 5. 
15 
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Region 1: 
Eq. (3) is the major source of defects.  The 
carrier concentration has the same dependence on the 
oxygen partial pressure as in region 1 of Fig. 4. 
p-1/6 
n « PQ 
u2 
Region 2: 
The donors, D^Oc and D-0., for example, are compen- 
sated by electrons as shown in Eq. (15) and (16). 
D00,.-2Ti00 ■> 2D' . + 40 + %00 + 2e*        (15) 25     2     Ti     o     2 
D0Oq-2BaO -> 2D„  + 20  + %00 + 2e' (16) 
The approximate conditions of charge neutrality are 
[D^] = n (17) 
or       [Dga] - n (18) 
The carrier concentration is fixed by the donor dopant 
during the sample preparation.  Therefore an oxygen- 
pressure independence of the electrical conductivity 
is observed. 
The defect structure of undoped and acceptor-doped 
SrTi03 has been    found    by Smyth et al. (10) to be 
similar to that of BaTiO-.  The donor-doped SrTiO,, was 
briefly studied on Nb-doped samples also by Smyth et al, 
17 
The conductivity behaviors for the SrTiO- samples doped 
with about 500 mole ppm of Nb are shown in Fig. 6. 
The sample with Sr/Ti = 1.000 behaves very much like 
donor-doped BaTiOo (5).  This is in accord with the 
replacement of 2Ti02 by Nb„Os according to Eq. (15-1) 
2Ti09 
Nb^O.  + l  2 Nb^. + 40 + %00 + 2e'     (15-1) 25 Tx     o     2 
The expulsion of the fifth oxygen from the filled lat- 
tice leaves free electrons which compensate the charged 
donor centers.  This leads to a region of impurity-con- 
trolled P„ -independent electron concentration and con- 
2 
ductivity.  In the case of Sr/Ti = 0.999, the conducti- 
vity is significantly reduced in the impurity-controlled 
region, and for Sr/Ti = 0.995, the donor-doped behavior 
is lost completely and the conductivity profile looks 
very much like that of an*undoped sample.  The loss of 
the donor-doped characteristics was supposedly due to 
the increase in V" content with the amount of excess 
o 
TiC>2.  The extra oxygen carried by the Nb^O- can there- 
fore be accommodated in the lattice until finally it 
is all retained and the characteristic donor-type be- 
havior is no longer observed, as shown in Eq. (19) 
Nb-O, + V - 2TiO„ -*- 2Nb„. + 50 (19) 25o       2      Tio 
18 
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CHAPTER IV 
RESULTS 
As mentioned in the Background Section, the donor- 
doped behavior of SrTiO^ has been studied on samples 
doped with 498 ppm of Nb.  However, it is doubtful that 
the samples with A/B = 1.000 and 0.999     were com- 
pletely equilibrated for P   > 10    atm. because the 
°2 
rapid decrease of the V" content with increasing P„ 
o °2 
leads to very slow equilibration.  Therefore, in order 
to thoroughly investigate the donor-doped behavior of 
SrTiO„, a series of SrTiO- samples with Sr/Ti > 1, 
Sr/Ti = 1 and Sr/Ti < 1 and doped with Y+3, La+3 or 
Nb  were prepared and investigated.  Also Y and Sc 
doped BaTiO„ samples were prepared for the study of the 
effects of nonstoichiometry and sintering ambient on 
the electrical behaviors in BaTiO„. 
Table 1 lists all the samples that were investi- 
gated, their A/B ratio, the impurities that were de- 
liberately incorporated and the dopant concentrations. 
20 
Table 1 
SrTi03 and BaTiO., Investigated in This Study 
AB03 A/B 
ST        '  1.005 
ST 1.002 
ST 1.000 
ST 1.000 
ST 0.998 
ST 0.998 
ST 0.995 
ST 1.002 
ST 0.9995 
ST 0.9965 
ST 1.004 
ST 0.9998 
BT 1.0070 819 Y 
BT 0.997 861 Y 
BT 1.000 782 Sc 
where ST stands for strontium titanate and BT for barium 
titanate.  A/B ratio was calculated based on the fol- 
lowing formulae: 
21 
Dopant Cone. in 
in mol. ppm Dopants 
955 Nb 
896 Nb 
823 Nb 
1703 Nb 
807 Nb 
1809 Nb 
1702 Nb 
740 La 
737 La 
760 La 
981 Y 
888 Y 
4f* 
no. of moles of A + no. of moles of dopant^n i\ 
no. of moles of B 
no of moles of A 
no. of moles of B + no. of moles of dopant 
(20-2) 
depending on whether A or B site is most likely to be 
substituted which in turn is based on the relative 
ionic sizes between the dopant ions and the host sites. 
The ionic radii of the cations in ABCs perovskites and 
some potential dopants are listed in Table 2. 
Table 2 
Ionic Radii of Cations in ABCs Perovskites and Some 
Potential Dopants (11) 
Cations Ba Sr+2 Ti+4 Nb+5 Al+3 La+3 Y+3 Sc+3 
X 1.50 1.27 0.745 0.78 0.67 1.185 1.04 0.885 
Based solely on the consideration of the relative ionic 
+5   +3      +3 
size, the Nb  , Al   and Sc   ions are assumed to occupy 
+3     +3 the Ti site and La  and Y  ions are assumed to substi- 
tute the A site like Ba or Sr.  The A/B ratio and the 
dopant concentrations in Table 1 were calculated based 
on this size consideration.  However, based on the out- 
22 
come of this study, the relative ionic size is not the 
only factor that influences the site occupancy of the 
perovskites by the impurity ions.  The A/B ratio and 
the dopant concentration therefore have to be modified 
according to the consideration of some other factors 
which will be discussed in the Discussion chapter. v The 
dopant concentration is calculated based on the follow- 
ing formula: 
no. of moles of dopant x 10   f21") 
no. of moles of A or B + no. of moles of dopant 
Again the no. of moles of A or B depends on whether A or 
B site is likely to be substituted. 
In order to check the conductivity behavior which 
was previously studied on the Nb-doped SrTiOo as shown 
in Fig. 6, a new series of Nb doped SrTiO., samples 
with comparable Sr/Ti ratio and higher Nb concentration 
were prepared and investigated.  The conductivity pro- 
files of ST1.000-1703 Nb, ST0.998-1809 Nb and ST0.995- 
1702 Nb in this study are shown in Tables 3, 4, 5, and 
Fig. 7, and that of STl.005-955 Nb, ST1.002-896 Nb, 
ST1.000-823 Nb and ST0.998-807 Nb are shown in Tables 
6, 7, 8, 9, and Fig. 8. Comparison between these two 
studies indicates that all the samples with Sr/Ti <_  1 
in the present study exhibit conductivity profiles 
which have the same behavior as that of the undoped 
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Table 3.  Conductivity Data for ST 1.000-1703 Nb 
SAMPLE:  ST 1.000-1703 Nb  L/A: 9.638 cm X  T = 1.000°C 
-log Pn (atm)        a(ficm)"        log a(ficm) U2 
18.5 3.977 X IO-1 -0.40 
16.5 2.240 X lO"1 -0.65 
13.8 6.660 X io"2 -1.18 
11.7 2.344 X IO"2 -1.63 
9.8 8.175 X IO"3 -2.09 
8.5 3.922 X IO"3 -2.41 
8.0 3.116 X 
_3 
10 -2.51 
6.9 1.757 X 
_3 
10 J -2.76 
5.0 1.009 X 
-3 
10 -3.00 
4.2 1.007 X IO"3 -3.00 
3.0 1.353 X IO-3 -2.86 
2.1 1.985 X 10"3 -2.70 
1.0 3.271 X 10"3 -2.49 
0 5.460 X IO"3 -2.26 
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Table 4.  Conductivity Data for ST 0.998-1809 Nb 
SAMPLE: ST 0.990-1809 Nb  L/A: 10.166 cm l     T = 1000°C 
- log Pn (atm)       a (QCm)~                 log a (£2 cm) 
u2 
18.5 3.633 x 10"1 -0.44 
16.5 2.026 x 10"1 -0.69 
13.8 5.509 x 10"2 -1.26 
11.7 1.873 x 10"2 -1.73 
9.8 6.378 x 10"3 -2.20 
8.5 3.057 x 10"3 -2.52 
8.0 2.450 x 10~3 -2.61 
6.9 1.451-x 10"3 -2.84 
5.0 1.043 x 10"3 -2.98 
4.2 1.182 x 10""3 -2.93 
3.0 1.738 x 10"3 -2.76 
2.1 2.627 x 10"3 -2.58 
1.0 '        4.400 x 10"3 -2.36 
0 7.490 x 10"3 -2.13 
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Table 5.  The Conductivity Data for ST 0.995-1702 Nb. 
SAMPLE:  ST 0.995-1702 Nb  L/A: 9.798 cm1    T = 1000°C 
-log Pn (atm) o(ficm)"1      logO(^cm)"1 U2 
18.5 3.534 x 10-1 -0.45 
16.5 1.963 x 10"1 -0.71 
13.8 3.350 x 10"2 -1.27 
11.7 1.806 x 10"2 -1.74 
9.8 6.168 x 10~3 -2.21 
8.5 2.962 x 10~3 -2.53 
8.0 2.409 x 10~3 -2.61 
6.9 1.421 x 10~3 -2.84 
5.0 1.047 x 10"3 -2.98 
4.2 1.199 x 10"3 -.292 
3.0 1.694 x 10"3 -2.77 
2.1 2.544 x 10"3 -2.59 
1.0 4.258 x 10"3 -2.37 
0 7.278 x 10"3. -2.14 
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Table 6.  The Conductivity Data for ST 1.005-955 Nb 
SAMPLE:  ST 1.005-955 Nb   L/A: 8.570 cm L   T = 1000°C 
log Pn (atm) a(ftcm)~     "    log o(ficm)" 
17.5 6.316 x 10"1 -01-20 
15.6 3.438 x 10_1 -0.46 
13.8 1.914 x 10_1 -0.72 
13.7 1.731 x 10"1 -0.72 
12.0 9.331 x 10~2 -1.03 
10.4 4.745 x 10"2 -1.32 
8.8 3.374 x 10"2 -1.47 
7.5 1.663 x 10~2 -1.78 
6.8 1.184 x 10"2 -1.93 
6.4 1.049 x 10"2 "* -1.98 
4.7 4.921 x 10"*3 -2.10 
4.4 7.061 x 10"3 -2.15 
3.2 7.204 x 10"3 -2.14 
2.0 7.809 x 10~3. -2.11 
1.1 8.298 x 10"3 -2.08 
0 8.769 x 10"3 -2.05 
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Table 7.  Conducivity Data for ST 1.002-896 Nb 
SAMPLE:  ST 1.002-896 Nb  L/A: 9.429 cm-1  T = 1000°C 
-log Pn (atm)       a(o,cm)"       log o(ficm) U2 
17.5 
15.6 
13.8 
13.7 
12.0 
10.4 
8.8 
7.5 
6.8 
6.4 
4.7 
4.4 
3.2 
2.0 
1.1 
0.0 
5. 492 X ID"1 -0.26 
3. 309 X IO-1 -0.48 
2. 179 X lO"1 -0.66 
2. ,069 X IO-1 -0.68 
1. 473 X lO"1 -0.83 
1. .178 X IO"1 -0.93 
1. ,172 X IO"2 -0.93 
9. ,356 X IO"2 -1.03 
5. ,826 X IO"2 -1.23 
5. .297 X IO"2 -1.28 
3, .616 X IO"2 -1.44 
3, .287 X IO"2 -1.48 
2 .30 x : IO"2 -1.64 
1 .62 x : IO'2 -1.79 
1 .28  : K    '. IO"2. -1.89 
1 .069 X 10 -1.97 
30 
Table 8.  Conductivity Data for ST 1.000-823 Nb 
SAMPLE: ST 1.000-823 Nb  L/A: 9.539 cm"1  T = 1000°C 
-log Pn (atm)       o(ficm)" log a(ftcm) 
u2 
17.5 3.094 X lO'1 -0.51 
15.6 1.233 X lO'1 -0.91 
13.8 4.860 X lO'2 -1.31 
13.7 4.308 X lO'2 -1.37 
12.0 1.727 X lO"2 -1.76 
10.4 7.25 x 10 3 -2.14 
8.8 3.083 X 10~3 -2.51 
7.5 1.656 X lO"3 -2.78 
6.8 1.277 X 10"3 -2.89 
6.4 1.335 X 10~3 -2.87 
4.7 1.057 X 10"3 -2.98 
4.4 1.104 X 
_3 
10 -2.96 
3.2 1.651 X 10-3 -2.78 
2.0 2.870 X 10-3 -2.54 
1.1 4.510 X 10"3. -2.35 
0 8.003 X 
_3 
10 J -2.09 
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Table 9.  The conductivity Data for ST 0.998-807 Nb 
SAMPLE:  ST 0.998-807 Nb  L/A: 10.294 cm"1  T = 1000°C 
-log Pn (atm) 
u2 
a(Hem) log a(ftcm) 
18.1 3.763 x 10"1 -0.42 
16.3 1.624 x 10"1 -0.79 
13.9 4.496 x 10"2 -1.35 
12.8 2.435 x 10"2 -1.61 
11.1 9.500 x 10"3 -2.02 
9.8 4.72 x 10~3 -2.33 
8.6 2.405 x 10"3 -2.62 
7.3 1.470 x 10~3 -2.83 
7.0 1.319 x 10"3 -2.88 
6.5 1.170 x 10"3 -2.93 
5.2 1.12 x 10"3 
-2.95 
5.1 9.265 x 10"3 -3.03 
4.4 1.268 x 10"3 
-2.89 
2.9 2.294 x 10~3 -2.64 
1.9 3.756 x 10"3. -2.42 
1.0 5.821 x 10"3 -2.24 
0 1.023 x 10~3 
-1.99 
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and acceptor-doped BaTiOo as shown in Fig. 4, i.e. 
there are -1/6, -1/4 and +1/4 dependences of the log 
of the electrical conductivity on log Pn with a con- U2 
ductivity minimum separating the n-region (-1/6 and 
-1/4 regions) and p-region (+1/4 region), where the 
electrons and the holes, respectively, are the major 
charge carriers.  There is a slight conductivity mini- 
mum displacement between the stoichiometric and Ti 
excess samples observed in Figs. 7 and 8.  Also, there 
is a minimum shift between the samples with the same 
A/B ratio but different dopant concentration as shown 
for ST1.000-1703 Nb and ST1.000-823 Nb in Fig. 9. 
The donor-doped behavior such as exhibited by 
ST1.000-498 Nb and ST0.999-498 Nb in the previous work 
shown in Fig. 6 were observed in the samples with Sr/Ti 
> 1 as the ST.1005-955 Nb and ST1.002-896 Nb in Fig. 8. 
For ST1.002-896 Nb, there is a -1/6 dependence of log a 
on the log PQ followed by a  PQ  independent segment, 
then the log a decreases with increasing oxygen partial 
pressure at a slope of -1/8.  For ST1.005-955 Nb, 
with an even larger excess of SrO, the conductivity be- 
comes lower and the characteristic of ST1.002-896 Nb 
is lost. 
Further investigations were done on the La-doped 
SrTi03 and Y-doped SrTiO., and BaTiO- samples.  The con- 
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ductivity data for ST1.002-740 La, STO.9995-737 La 
and STO.9965-760 La are listed in Tables 10, 11, 12 
and Fig. 10.  The conductivity data for ST1.004-981 Y 
and STO.9998-888 Y are listed in Tables 13, 14 and Fig. 
11.  The conductivity data for BT1.0070-819 Y and 
STO.997-861 Y are listed in Tables 15, 16 and Fig. 12. 
Examination of Fig. 10 and 11 indicates that the 
behavior which is typical for the undoped and acceptor- 
doped BaTiO„ as shown in Fig. 4 was observed for the 
La- or Y-doped SrTiCs with Sr/Ti < 1.  This character- 
istic dependence of log a  on log Pn  is observed for U2 
STO.9995-737 La, STO.9965-760 La and STO.9998-888 Y 
in Fig. 10 and 11.  Comparable behavior is observed in 
Y-doped BaTiO., as well.  However, in the case of BaTiO-, 
it is the behavior of the sample which has Ba/Ti > 1 as 
shown by BT1.0070-819 Y in Fig. 12. 
The Sr excess samples (Sr/Ti > 1) in Figs. 10 and 
11, i.e. ST1.002-740 La and ST1.004-981 Y, exhibit the 
conductivity profiles which show a decrease of log a 
with increasing log P„  from the' low log P„  end across 
the oxygen partial pressure range of interest without 
the appearance of the conductivity minima.  ST1.002-740 
La in Fig. 10 has a steady decrease in conductivity at 
a slope of -1/8.  ST1.004-981 Y in Fig. 11 shows a 
decrease in low oxygen pressure range at -1/6 followed 
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Table 10.  The Conductivity Data for ST 1.002-740 La 
SAMPLE:  ST 1.002-740 La  L/A: 7.861 cm"1  T = 1000°C 
-log Pn   (atm) 
u2 
o (P-cm} r1 log   a(Hem) 
16.5 3.96 X lO'1 -0.40 
14.9 2.61 X lO'1 -0.59 
13.8 2.00 X lO'1 -0.70 
12.8 1.43 X 10"1 -0.85 
11.8 1.19 X lO"1 -0.93 
10.8 8.46 X lO"2 -1.07 
9.9 6.73 X lO"2 
-1.17 
8.8 5.19 X lO"2 -1.28 
7.4 3.31 X lO"2 -1.48 
7.1 2.58 X lO"2 -1.59 
6.7 2.14 X lO"2 -1.67 
5.7 1.95 X lO"2 -1.71 
4.9 1.26 X lO"2 -1.90 
2.7 6.79 X lO"3 -2.17 
2.0 4.35 X 
_3 
10  J . -2.45 
1.0 3.57 X 
_3 
10  J -2.45 
0 3.16 X lO"3 -2.50 
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Table 11.  The Conductivity Data for ST 0.9995-737 La 
SAMPLE: ST 0.9995-737 La  L/A: 10.092 cm"1  T = 1000°C 
-log Pn (atm)        a(ncm)" log o(ficm) U2 
16.5 1.55 X lO"1 -0.81 
14.9 6.80 X io-2 -1.18 
14.4 4.05 X ID"2 -1.39 
12.8 2.12 X io-2 -1.68 
10.9 8.10 X lO"3 -2.09 
10.8 7.92 X IO"3 -2.10 
9.9 4.50 X IO"3 -2.35 
8.8 2.72 X 10-3 -2.56 
7.4 1.48 X 
_3 
10 -2.83 
7.1 1.29 X 
_3 
10 -2.89 
6.7 1.12 X IO"1 -2.95 
5.7 1.04 X IO-3 -2.99 
4.9 1.17 X IO"3 -2.93 
4.5 1.28 X IO"3 -2.89 
3.9 1.52 X IO"3 . -2.82 
2.7 2.57 X IO"3 -2.59 
2.0 3.61 X IO"3 -2.44 
1.0 6.21 X IO"3 -2.21 
0 1.07 X IO"2 -1.97 
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Table 12.  The Conductivity Data for ST 0.9965-760 La 
SAMPLE: ST 0.9965-760 La  L/A: 7.974 cm-1 T = 1000°C 
-log Pn (atm)       a(Qcm)~ log o(ftcm) u2 
16.5 1.36 X lO"1 -0.87 
14.9 5.94 X io-2 -1.22 
14.4 3.41 X lO'2 -1.47 
12.8 1.84 X io'2 -1.74 
11.0 7.04 X 
_3 
10 J -2.15 
10.8 6.77 X IO'3 -2.17 
9.9 3.90 X IO"3 -2.40 
8.8 2.40 X 
_3 
10 J -2.62 
7.4 1.38 X 
_3 
10 J -2.86 
7.1 1.25 X IO"3 -2.90 
6.7 1.11 X 
_3 
10 J -2.95 
5.7 1.06 X 
_3 
10   J -2.98 
4.9 1.22 X IO"3 -2.92 
4.5 1.34 X IO"3 -2.87 
3.9 1.58 X IO"3 -2.80 
2.7 2.64 X IO"3 ' -2.58 
2.0 3.69 X IO"3 -2.43 
1.0 6.36 X IO"3 -2.2 
0 1.10 X 10 -2.0 
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Table 13.  The Conductivity sample for ST 1.004-981 Y 
SAMPLE:  ST 1.004-981 Y  L/A: 9.557 cm"1  T = 1.000°C 
-1 -1 
-log T  (atm)       a(ficm) log o(ficm) 
U2 
16.1            7.761 x 10_1 -0.11 
13.9            5.243 x 10"1 -0.28 
11.8           3.964 x 10"1 -0.40 
10.34           3.624 x 10_1 -0.44 
8.50           3.323 x 10_1 -0.48 
7.8            2.961 x 10"1 -0.53 
5.8            2.086 x 10"1 -0.68 
5.26           1.862 x 10"1 -0.73 
3.90           1.230 x 10"1 -0.91 
3.0            9.098 x 10"2 -1.04 
0.9            3.960 x 10"2 -1.40 
0            2.996 x 10~2 -1.52 
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Table 14. The Conductivity Data for ST 0.9998-888 Y 
SAMPLE: ST 0.9998-888 Y L/A: 9.420 cm"1  T = 1000°C 
-log P„ (atm) o(ftcm)~ log a(ficm)" 
u2 
16.1 2.297 x 10"1 -0.64 
13.95 8.952 x 10~2 -1.05 
11.82 3.058 x 10~2 -1.52 
10.34 1.408 x 10~2 -1.85 
8.50 5.623 x 10"3 -2.25 
7.8 4.079 x 10"3 -2.39 
5.8 1.610 x 10~3 -2.79 
5.26 1.468 x 10"3 -2.84 
3.90 1.096 x 10~3 -2.96 
3.0 1.274 x 10"3 -2.89 
2.1 1.693 x 10"3 -2.77 
0.9 2,822 x 10~3 -2.55 
0 4.604 x 10~3 -2.34 
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Table 15. The Conductivity Data for BT 1.007-819 Y 
SAMPLE: BT 1.007-819 Y L/A: 10.513 cm"1  T = 1000°C 
-log Pn (atm) o(ficm)~             log oXficm)- u2 
17.0 3.896  x  10_1 -0.41 
15.0 1.248  x  10"1 -0.90 
12.7 3.155  x  10"2 -1.50 
10.5 1.085  x  10"2 -1.96 
9.1 3.189  x  10"3 -2.50 
5.6 1.019  x   10"3 -2.99 
4.2 7.226 x 10"4 -3.14 
2.1 8.895 x 10~4 -3.05 
0 1.615 x 10~3 -2.80 
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Table 16.  The Conductivity Data for BT 0.997-861 Y 
SAMPLE: BT 0.997-861 Y  L/A: 10.141 cm"1  T = 1000°C 
-log Pn (atm)       a(Qcm)~ log o(Slcm)~ u2 
17.7 5.90 X io-i -0.23 
16.2 3.72 X io-i -0.43 
13.9 1.96 X io-i -0.71 
13.0 1.58 X io-i -0.80 
11.8 1.47 X io-i -0.83 
11.1 1.27 X io-i -0.90 
9.8 1.65 X io-i -0.78 
8.3 1.50 X io-i -0.83 
6.6 1.01 X io-i -1.0 
4.4 9.24 X lO"2 -1.03 
2.0 8.69 X lO"2 -1.06 
0 8.38 X lO'2 -1.08 
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by a pressure-independent segment of conductivity and 
then further decrease at a slope of -1/8.  Those be- 
haviors, as compared with the donor-doped behavior of 
BaTiO- in Fig. 5, are tentatively labeled  as the para- 
donor-doped behavior.  The behavior in Fig. 5 is ob- 
served for BT1.007-819 Y in Fig. 12.  Again, contrary 
to the Sr/Ti > 1 samples, the BaTiCU which exhibits 
the donor-doped behavior is the sample with Ba/Ti < 1. 
A summary of the preceding observations leads to 
the tabulation of the following information in Table 
17. 
Table 17 shows that there is a parallelism between 
the degree of darkness after sintering in air and the 
type of conductivity behavior.  The samples with donor- 
doped behavior always have dark appearance due to the 
release of the free electrons during the incorporation 
of donor dopants.  The samples that exhibit acceptor- 
doped behavior always have white appearance. 
Table 17 also reveals an interesting fact that for 
the SrTiO., samples doped with Nb • , La  and Y  to 
exhibit donor-doped behavior, the presence of excess 
SrO, i.e. Sr/Ti > 1, is a must.  With Sr/Ti < 1, those 
samples exhibit acceptor-doped behavior.  The A/B ratio 
has the opposite effect on the BaTiO-.  In the case of 
46 
Table 17 
Summary of the Results 
A 
B 
g3 
ST 
A/B 
1.005 
Dopant 
cone.in 
mol .ppm 
955 
Dopants 
As-sintered 
Appearance 
dark 
Elec- 
trical 
Behav. 
Nb o-D 
ST ST 1.004 981 Y dark D 
Excess ST 1.002 896 Nb dark D 
ST 1.002 740 La dark ^D 
Sr^Ti ST 1.000 1703 Nb white A 
ST 1.000 823 Nb white A 
ST 0.9995 737 La white A 
ST 0.998 1809 Nb white A 
Ti ST 0.998 807 Nb white A 
Excess" ST 0.9998 888 Y white A 
ST 0.9965 760 La white A 
ST 0.995 1702 Nb white A 
Ba Exc. BT 1.007 819 Y white 'vA 
Ti Exc. BT 0.997 861 Y ' dark D 
where A represents the acceptor-doped behavior which is 
characterized by a conductivity minimum.  The donor- 
doped and the para-donor-doped behaviors are represented 
as D and M), respectively. 
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Y-doped BaTiOo, Ti excess samples (Ba/Ti < 1) have 
donor-doped behavior while Ba-excess sample 0ia/Ti > 1) 
exhibits acceptor-doped behavior.  For BaTiO^, previous 
work in this laboratory disclosed that the Nb or La 
doped BaTiCK with excess Ti02 (Ba/Ti <   1) exhibits 
donor-doped behavior.  Takeda and Watanabe (14, 15,16) 
+3    +3 
and Schmelz (20,21) reported that in the Gd  , La  or 
+3 Sb  , Ti site was occupied by those trivalent impurity 
cations when there is an excess in BaO (Ba/Ti > 1) and 
Ba site was occupied when TiO? is excess (Ba/Ti < 1). 
Table 17 along with the findings by previous work 
indicates that there is an effect of A/B ratio, in 
addition to relative size of the cations, on the con- 
ductivity behavior of the ABO., perovskite materials. 
Furthermore, it explicitly expresses that for all the 
similarities between BaTiOo and SrTiCK in the band-gap 
energy (22,23,24), the enthalpy of the oxygen loss 
reaction (25,26), the crystal structure and the ionic 
radii, there is a significant difference in the elec- 
trical behavior between those two materials doped with 
the same impurity. 
The factors that determine the preferred site for 
the dopant ions in BaTiOo and SrTiO- depend not only 
on the relative ionic size and A/B ratio but, according 
to Schmelz (20,21), also on the sintering ambient.  In 
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this study, this effect was studied on the Sc-doped 
BaTiOo.  The choice of Sc was based on the assumption 
that with its ionic radius half-way between that of 
+2      +4 Ba  and Ti   as shown in Table 2, Sc should be easier 
to be affected by the sintering ambient to go to the 
more ideal site than other trivalent impurity cations. 
Two BT1.000-782 Sc samples were sintered separately 
in air and at Pn  about 10~   atm.  It was thought 
2 
+3 that Sc  would be driven to Ba-site and behave as a 
donor-dopant under the extremely reducing ambient ac- 
cording to the following reaction. 
Sc00Q 25a0 2SCT3  + 20 + %00 +2e' (22) / 3        Ba     o     2 
It is observed that under the condition of air sinter- 
ing, BT1.000-782 Sc exhibits acceptor-doped behavior 
as shown in Table 18 and Fig. 13.  The reduction- 
sintered sample was observed to behave exactly the same 
way as  the air-sintered one as shown in Table 19 and 
Fig. 13.  Therefore, the sintering ambient does not seem 
to play any role in the determination of site occupancy 
+3 in BaTiOo by Sc 
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Table 18.  The Conductivity Data for Air-sintered 
BT 1.000-782 Sc 
SAMPLE: BT 1.000-782 Sc L/A: 9.525 cm-1  T = 1000°C 
log Pn (atm)        a(ftcm)~ log cr(ncm) 
u2 
16.4 
13.9 
12.1 
9.9 
8.3 
7.1 
5.6 
5.3 
5.0 
4.3 
3.0 
1.6 
0 
2. .463 X 10'1 -0. 61 
7. .385 X io-2 -1. .13 
2. .738 X ID'2 -1. .56 
7, .986 X 
_3 
10 -2. .10 
3, .279 X 
_3 
10 -2. .48 
1. .923 X IO"3 -2, .72 
1. .557 X 
_3 
10 -2. .81 
1 .593 X 
_3 
10 -2 .80 
1. .628 X 
_3 
10   J -2. .78 
1. .867 X IO"3 -2. .73 
2. .870 X 
_3 
10 J -2, .54 
5 .52 x : LO"3 -2 .26 
1 .251 X IO-3 -1 .90 
Table 19.  The Conductivity Data for the BT 1.000-782 * 
Sc Sintered at 10"10 atm. 
SAMPLE:  BT 1.000-782 Sc L/A: T = 1000°C 
-log Pn (atm)       a(ftcm) log a(ficm)" 
u2  
16.9           2.989 x 10-1 -0.53 
9.8           5.799 x 10~3 -2.24 
.2.8           3.555 x IO"3 -2.45 
__  ___ 
CHAPTER V 
DISCUSSION 
As mentioned in the Results chapter, there is a 
discrepancy in the conductivity behavior of the Nb- 
doped SrTiOo with Sr/Ti = 1.000 between the previous 
work (Fig. 6) and present study (Fig. 7).  It was 
pointed out that the previous work was not measured 
under truly equilibrium condition.  In addition to 
that, it is proposed that the Sr/Ti ratio in the ST 
1.000-498 Nb and the ST 1.000-823 Nb samples might not 
be exactly identical.  Based on the results of this 
study, the presence of the excess SrO makes the doped 
SrTi03 exhibit the donor-doped behavior (ST 1.002-896 
Nb in Fig. 8 and ST 1.004-981 Y in Fig. 11) and para- 
donor-doped behavior (ST 1.005-955 Nb in Fig. 8 and 
ST 1.002-740 La in Fig. 10). 
The donor-doped behavior can be divided into 
three distinct regions:  Region 1, decrease of log a  at 
a slope of —r\   region 2,   the oxygen pressure independent 
region; region 3, the decrease of log o at a slope of 
1 
"8" • 
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Region 1: 
Similar to the argument for the donor-doped be- 
havior for BaTiOo as shown in the Background chapter, 
Eq. (3) is the major source of defects in the region of 
extremely low oxygen partial pressure 
0Q - %02 + V^ + 2e' (3) 
The approximate condition of charge neutrality is 
2[VQ-] = n (7) 
The mass-action expression for the reduction reaction is 
[Vo]n2 = Vo\ (8> 
and the relationship n a  Pn  can be obtained by the U2 
combination of Eqs. (7) and (8). Since a = ney  :ui this 
region, the following relationship is also valid. 
Taking logarithms of both sides, the -1/6 dependence 
of the log a on the Pn  is obtained 
u2 
log o « - £ log PQ (23) 
Region 2: 
In the mid Pn region, the dopant impurities have U2 
significant effect on the defect formation.  According 
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to Eqs. (15-1) and (16-1), 
Nt>205 - 2Ti02 ->■  2NbTi + 40Q + %0 + 2e'      (15-1) 
Y203 - 2SrO -y  2Ygr + 20Q + %02 +2e' (16-1) 
the expulsion of the extra oxygen from the filled lat- 
tice leaves the free electrons which compensate the 
charged donor centers.  A region of impurity controlled, 
Pn -independent electron concentration (or conductivity) 
u2 
is thus obtained.  The approximate conditions of the 
charge neutrality that are responsible for this P„ -in- 
u2 
dependence of the conductivity are 
[NbTi] - n (17-1) 
[Ygr] - n (18-1) 
Region 3: 
As the oxygen partial pressure keeps increasing, the 
oxygen from the ambient is proposed to be incorporated 
in an appropriate crystal site to form "SrO" and leave 
the vacant strontium site behind. 
Srgr + %02 + 2e' Z  "SrO" + V£ (24) 
It is not certain where the oxygen actually goes 
to form "SrO."  There are two possible sites for the 
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incoming oxygen:  one is the segregation of excess SrO 
to form the second phase in the grain boundary and the 
other is in an ordered structure with blocks of perov- 
skiteSrTiO- which are separated by layers of SrO, accord- 
ing to the proposal by Popper (27) and further confirmed 
by Tilley (28).  The strontium vacancy, V^! , is con- 
trolled by the amount of dopant 
[D"] - 2[V£r] (25) 
which is the condition of charge neutrality for the 
following two reactions. 
Srgr + Nb205 - 2Ti02 -+ 2Nb'Ti + 40 + V^r + "SrO" 
(26) 
Src  + Yo0Q - 2Sr0 ■*■ 2YC  + 20 + V" + "SrO" (27) Sr   2 3 Sr    o    Sr 
Since the mass-action expression for Eq. (24) is 
n
2
 - [V^r]P^ (28) 
then the combination of Eqs. (25) and (28) leads to 
n « P"% ' (29) 
u2 
According to the preceding argument, it is expected that 
a -hi  dependence of conductivity to be observed in the 
region of high oxygen partial pressure in the log a  vs. 
Pn plot of Fig. 8 and 11.  However, a -1/8 dependence u2 
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is observed instead.  Furthermore, the para-donor-doped 
behavior observed in ST 1.005-955 Nb (Fig. 8) and ST 
1.002-740 La (Fig. 10) exhibit a steady decline of the 
electrical conductivity from the low Pn  end across the U2 
oxygen partial pressure range to 1 atm. -1/8 dependence 
of the electrical conductivity is observed for ST 1.002- 
740 La (Fig. 10) and -1/6 is observed for ST 1.005-955 
Nb (Fig. 8).  These phenomena are not justifiable to 
us at this stage. 
Table 17 indicates that all the doped, Ti-excess 
SrTiOo in this study lose the characteristics of the 
donor-doped behavior and exhibit acceptor-doped behav- 
ior, which is consistent with the conductivity behavior 
of ST 0.995-498 Nb observed by the previous worker as 
shown in Fig. 6.  It was proposed in the Background 
chapter that the generation of vacant oxygen site by 
presence of excess TiOp as shown in Eq. (4) accommodates 
the unfilled oxygen atoms created in Eqs. (15-1) and 
(16-1). 
D203 - 2SrO + 2DJr + 20. + %02 +2e'   (16-1) 
and the characteristics of the donor-doped behavior is 
no longer observed as shown in Eqs. (19) and (30) 
D2°3 + Vo " 2Ti02 ■*■ 2DSr + 30o       (30) 
The mechanism offers only as a possible explanation of 
the   loss of the donor-doped characteristics for Ti0o- 
excess SrTiOo-  No further justification of the con- 
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ductivity minimum can be derived from this mechanism. 
Furthermore, it fails to explain acceptor-doped behav- 
ior of the stoichiometric samples observed in this 
study because there is no V* created by excess TiO~ 
which is otherwise present in Ti-excess sample. 
While there is no justification at this stage to 
explain the conductivity minimum for the Ti-excess, 
Nb-doped SrTiOo, a mechanism which can successfully 
justify the conductivity minima for Y- or La-doped 
SrTiOo can be obtained.  It is proposed that the 
+3 
occupancy of B site in ABCU perovskite by D   ions 
results in the generation of negative impurity center, 
DTi 
D90Q - 2Ti00 - 2D'  + 30 + V (5-1) 2.   j       z     Ti     o    o 
While in the region of extremely low oxygen partial 
pressure Eq. (3) is the major source of defect and 
Eq. (23) can be obtained, in the mid-Pn  region Eq. 
u2 
(5-1) is the major mechanism that determines the con- 
dition of the charge neutrality 
[V^] * %[D'.] + [V£r]   ' (10-1) 
Equations similar to Eq. (11) can be derived and 
log o a ^ log PQ (31) 
is observed.  Same argument that leads to Eq. (14) 
can be applied here to justify the conductivity behav- 
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ior in the high oxygen pressure range and Eq. (32) 
is observed 
log a  « 5 log P^ (32) 
If the crystal site occupancy by the trivalent 
impurity cation really is responsible for the behavior 
of the electrical conductivity, then the effect of A/B 
ratio on the cation site  occupancy of BaTiCs and SrTiOo 
by those trivalent impurity can be tabulated according 
to the findings in this study and some other workers' 
results. 
Table 20.  Cation Site Occupancy of BaTiCs and SrTiCs 
by Selected Trivalent Impurity Cations 
Dopants BaTi03 SrTiOo 
TiO~ Deficiency 
A/B > 1 
Gd+3 
Sb+3 
La+3 
Y+3 
9 
Ti site + 
Ti site o 
Ti site + 
Ti site * 
Sr site * 
Sr site * 
TiG-2 Excess 
A/B x 1 
Gd+3 
Sb+3 
La+3 
Y+3 
Ba site + 
Ba site o 
Ba site + 
Ba site * 
Ti site * 
Ti site * 
A,B represent the acations in perovskite ABCs 
+ Takeda and Watanabe (14,15,16) 
o Schmelz (20,21) 
* This study 58 
As indicated in RESULTS, the A/B ratio has been 
calculated based solely on the consideration of the 
relative size between the dopant cations and the host 
crystal sites.  Nb   is assumed to be in Ti site and 
+3    +3 La  or Y   is in Sr site or Ba site according to 
Table 2.  However, according to the mechanism proposed 
in this study to justify the acceptor-doped behavior 
of the La- or Y-doped SrTiOo and Y-doped BaTiCU,  Ti 
+3 
site, instead of Sr or Ba site, is occupied by La 
+3 
and Y  .  A recalculation of A/B ratio for the La- 
doped SrTiCU or Y-doped SrTiO^ and BaTi03 is therefore 
necessary.  The A/B ratios of the originally calculated 
along with the modified are tabulated in Table 21. 
According to Table 21, A/B ratio before and after 
the modification has a difference of about 0.0015 if 
all the dopant ions that are deliberately incorporated 
are functioning effectively and all the dopant ions 
occupy the designated site in the proposed mechanisms 
for the observed conductivity behaviors.  This amount 
of difference will not alter the direction of the in- 
equality of A/B > 1 or A/B <,- 1 before and after the 
ratio modification.  Therefore, it is still true that 
when Sr/Ti > 1, Nb-, La-, or Y-doped SrTi03 exhibit 
donor-doped behavior and when Ba/Ti < 1, Y-doped BaTiO- 
and La-  or Nb-doped BaTiO^ (from previous work) ex- 
hibit donor-doped behavior. 
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CHAPTER VI 
CONCLUSIONS 
Summary of the discussion  leads to the following 
conclusions and difficulties in justification of the 
observations: 
1. It is certain that for the samples in this 
study to exhibit donor-doped behavior there must be the 
presence of free electrons and positive impurity cen- 
ters, i.e. D„. (where D is the pentavalent cation 
like Nb   on Ti Site) or D. (where D is the trivalent 
+3 
cation  like Y   on A site like Ba or Sr), which are 
generated according to Eqs. (15) and (16) 
D205 - 2Ti02 +  2D^±  + 40Q + %02 + 2e '    (15) 
D203 - 2A0 + 2D^ + 20Q + %02 + 2e'       (16) 
Thus when donor-doped behavior is observed it can be 
concluded that the impurity was incorporated accord- 
ing to Eq. (15) or (16) . 
2. Acceptor-doped behavior includes p-type con- 
duction in the Pn  region close to 1 atm.  For the 
U2 
acceptor-doped behavior to be observed, there must be 
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the availability of V" for the oxygen from the ambient 
to fill. 
V + %02 -+ 0 + 2h' (12)' 
This is the only apparent mechanism for creation of 
holes.  The generation of V" must be associated with the 
° o 
creation of negative impurity centers, i.e. Dl. (where 
D is the trivalent cation like Y   on Ti site) or D! 
(where D is the univalent cation like Na  on A site 
like Ba or Sr), which is created according to Eq. (5-1) 
D203 - 2Ti02 + 2D^.±  +  30Q + VQ- (5-1) 
3. The preference of the crystal site occupancy 
in ABOo by the impurity cations, as depicted in Eqs. 
( 5-l)and (]6-l) is able to justify the conductivity 
behavior for trivalent-impurity-doped SrTiOo•  How- 
ever, there is no such mechanism as Eq.(5-1) existing 
to justify the acceptor-doped behavior of the Ti- 
excess, Nb-doped SrTiO^.  A common mechanism to cover 
+3     +5 the acceptor-doped behavior of both D - and D  -doped 
SrTiO., is not found. 
4. Even though the preference of the crystal 
+3 site occupancy in ABOo by the D  ions seems able to 
+3 justify the conductivity behaviors of D  -doped BaTiO^ 
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and SrTiOo with A/B ratio ranging from greater than 
unity to less than unity, one question still remains. 
With excess TiC>2 deliberately incorporated in the sam- 
ple, theoretically vacant A sites are created to accom- 
+3 
modate D   and the donor-doped behavior is expected. 
With excess AO present and vacant Ti site made avail- 
+3 able, D   ions should be driven to the Ti site to form 
D'  and make the sample behave like acceptor-doped. 
This prediction is observed only in BaTiOo.  Experimental 
results just opposite to this prediction  are discovered 
+3 for the D  -doped SrTiOo.  Thus a simple model involving 
different site-selection by the impurity, as influenced 
by the A/B ratio, does not work for both compounds. 
+3 5. While the reason why Ti site is occupied by D 
ion in SrTiOo when Ti02 is excess is not satisfactorily 
answered as stated in 4, the presence of excess Ti0o 
offers a fair explanation to the acceptor-doped behavior 
of the Nb  -doped, Ti-excess SrTiOo as shown in Eqs. 
(4) and (19). 
Ti02 - TiTi + 20Q 4- VJk + V^       (4) 
V" + Nb00c'- 2Ti00 -> 2Nb" . + 50     (19) O      Z    D Z II      O 
in which the excess Ti0o creates V" to accommodate the z o 
extra oxygen for Nb20c to eliminate the characteristics 
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of the donor-doped behavior of the TiO? deficient 
SrTi03-  Since in the Ti-excess„Nb-doped SrTi03> Table 
22 indicates that the number of mole of V" from Eq. 
o       n 
(4) is larger than that of the extra oxygen atom that 
is left out as shown in Eq. (15-1), 
Nb205 - 2Ti02 ■+  2Nb'Ti + 40Q + %02 + 2e*   (15-1) 
the extra oxygen can therefore be totally retained 
and the loss of the characteristics of the donor-doped 
behavior for ST 0.998-807 Nb, ST 0.998-1809 Nb and ST 
0.995-1702 Nb can be justified by the preceding 
mechanism. 
Table 22.  Relative Amount of V" and Extra Oxygen 
Ti-excess,       No.of molesof   No.of moles of 
Nb-doped         V" created by    extra oxygen atoms 
SrTiO„            eScess Ti02 +     that must be ac- 
commodated by V"* 
 
J
     o 
ST 0.998-807 Nb9.25 x 10-5 1.86 x 10"5 
ST 0.998-1809 Nb 6.43 x 10~5 2.90 x 10"5 
ST 0.995-1702 Nb  1.07 x 10"4   "  1.81 x 10~5 
is (no. of molesof TiO?) - (no. of molesof SrO) 
* equals no. of molesof Nb20c because there is onemoleof 
oxygen atoms left out for tne incorporation of one 
molesof Nb20c- 
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However, the same behavior displayed by the stoichio- 
metric sample, ST 1.000-823 Nb and ST 1.000-1703 Nb 
can not be explained by this mechanism because no.ex- 
cess Ti0o is available to create V". 2. o 
While this mechanism seems feasible for the 
justification of the acceptor-doped behavior of the 
Ti excess, Nb  -doped SrTiO.,, unfortunately  it is not 
workable for the acceptor-doped behavior of the Nb 
doped BaTiOo in which case BaO instead of TiO? is in 
excess. 
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CHAPTER VII 
SUGGESTIONS FOR FURTHER STUDY 
With all the preceding arguments to justify the 
experimental observations, some questions still remain 
and are worthy of further investigation. 
(a) The impurity cations used in this study, i.e. 
Nb  , Y  and La  give the host ABO., samples two 
kinds of electrical behavior, i.e. acceptor-doped 
and donor-doped.  The A/B ratio is found to play 
an important role in the exhibition of certain 
conductivity behavior.  Furthermore, BaTiO~ and 
SrTiOo doped with the same impurity display oppo- 
site response to the A/B ratio.  A further 
characterization is recommended to tackle this 
problem. 
(b) The preference of crystal site occupancy of the 
ABOo perovskite is proposed in this study as a 
mechanism to justify the conductivity behaviors 
observed in the trivalent-cation-doped samples. 
Further investigations that are able to give an 
insight      as to where the dopants really are 
going are necessary.  EPR technique has been 
employed   for  this problem by Takeda and 
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Watanabe (14,15,16).  It is recommended that this 
approach be utilized for further study, 
(c)  In the Sr-excess SrTiOo samples, SrO intergrowth 
layers with the ordered structure of blocks of 
perovskite SrTiOo was observed by Tilley (28). 
STEM studies of the presence of this intergrowth 
and the second phase are recommended for the more 
thorough investigation.  Furthermore, the depen- 
dence of log a on log Pn  at a slope of -1/8 in 
U2 
the high oxygen partial pressure region is not 
satisfactorily justified yet.  Therefore, the 
understanding of the microstructure and the non- 
stoichiometric range on the Sr-excess side of 
SrTiOo is essential. 
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